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Exogenous BMP-4 amplifies asymmetric ureteric branching in
the developing mouse kidney in vitro
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Exogenous BMP-4 amplifies asymmetric ureteric branching in
the developing mouse kidney in vitro.
Background. Exogenous bone morphogenetic protein 4
(BMP-4) has been reported to inhibit ureteric branching mor-
phogenesis and regulate the anterior-posterior axis of the de-
veloping kidney in vitro. We examined the role of BMP-4
on ureteric branching in vitro using three-dimensional image
analysis software and statistical models. Additionally, in vivo
ureteric branching was analyzed and the effect of reduced lev-
els of BMP-4 in vivo on nephron number was examined.
Methods. Embryonic day 12.5 (E12.5) Balb/c mouse
metanephroi cultured for 48 hours with or without 260 ng/mL
recombinant human BMP-4 (rhBMP-4) were immunostained
to identify the ureteric epithelium which was quantified in
three dimensions. In vivo ureteric branching morphogenesis
in Hoxb7/GFP mice was also analyzed. The effect of reduced
in vivo levels of BMP-4 on nephron number was examined in
BMP-4+/− and wild-type mice using an unbiased stereologic
method.
Results. Qualitative and quantitative studies identified a de-
crease in total ureteric length and branch number in wild-
type mouse metanephroi cultured in the presence of BMP-4.
A marked anterior-posterior asymmetry in both ureteric
length and branch number was observed in BMP-4-treated
metanephroi. A similar asymmetry was revealed in control
metanephroi, both in vitro and in vivo. This asymmetry is the re-
sult of reduced ureteric branching morphogenesis in the poste-
rior region of the kidney and appears to be due to slower growth
rather than the adoption of an alternate branching pattern. Re-
duction of endogenous BMP-4 in BMP-4+/− mice resulted in
no change in total nephron number in macroscopically normal
kidneys.
Conclusion. These results suggest that BMP-4 plays an im-
portant role in the regulation of ureteric branching morpho-
genesis, and that excess BMP-4 in vitro can amplify the existing
asymmetry of the normal mouse kidney.
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The development of the permanent mammalian kid-
ney (metanephros) is considered to be triggered by a
signal from a region of uninduced intermediate meso-
derm, resulting in the outgrowth of an epithelial bud from
the Wolffian duct. This epithelial bud elongates, invades
the metanephric mesenchyme, and undergoes branching
morphogenesis. The tips of the ureteric buds send signals
to adjacent mesenchymal cells, causing them to condense
and epithelialize, resulting in the formation of nephrons.
At the same time, signals from the mesenchyme induce
the tips to branch, resulting in more nephron-inducing
ureteric tips. This cycle of ureteric branching morpho-
genesis and nephron induction is repeated until the final
complement of nephrons is achieved.
Many molecules have been shown to influence the
development of the metanephric kidney [1–6]. Recent
evidence has suggested that bone morphogenetic pro-
teins (BMPs) play key roles in metanephric development.
BMPs are members of the transforming growth factor-b
(TGF-b) superfamily and play vital roles in organo-
genesis, especially in those organs in which epithelial-
mesenchymal interactions are essential for development.
In particular, much recent attention has focused on
BMP-4.
In the kidney, BMP-4 mRNA is expressed in the
subpopulation of mesenchymal cells surrounding the
Wolffian duct and ureter stalk, comma-shaped bodies, S-
shaped bodies, ureteric bud, collecting ducts, and ureteric
duct leading to the nephrogenic zone. It is also expressed
in future glomerular podocytes (only until folding) and
parietal epithelial cells of the forming renal corpuscle
[7]. BMP-4 homozygous null mutant mice are embryonic
lethal between embryonic day 6.5 (E6.5) and E9.5 with
a variable phenotype [8]. Most of the mutant embryos
show virtually no mesodermal differentiation [9]. BMP-4
heterozygous (BMP-4+/−) mice present with varying
renal phenotypes in approximately 50% of newborns
while kidneys of the remaining pups appear macroscopi-
cally normal [10]. The renal abnormalities present in the
BMP-4+/− mice mimic human congenital anomalies of
the kidney and urinary tract, including hypo/dysplastic
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kidneys, hydronephrosis with hydroureter, and duplex
kidney/ureter system [10]. Similar to humans, the pheno-
types in these mice are most predominant in males, often
show a familial pattern with incomplete or variable pene-
trance, and share the same renal histologic characteristics.
Metanephric organ culture from these mice showed ac-
cessory budding from the main stem of the ureter, and in
this same system addition of exogenous BMP-4 down-
regulated expression of Wnt-11 and thereby glial cell
line–derived neurotrophic factor (GDNF) signaling (a
key initiator of ureteric budding) via this molecule. Thus,
it is postulated that BMP-4 restricts the site of ureteric
budding along both the Wolffian duct and stalk of the
branching ureters by its antagonistic effect on GDNF sig-
naling [10, 11].
Mouse kidneys cultured in the presence of recombi-
nant human BMP-4 (rhBMP-4) show a severe distortion
of ureteric branching. In addition to the kidneys exhibit-
ing reduced morphogenesis, the branches are reported to
be longer and the kidneys contain reduced numbers of
comma-shaped bodies, S-shaped bodies, and glomeruli
[12]. Raatikainen-Ahokas et al [13] found these effects
to be most evident in the posterior kidney, suggesting
BMP-4 regulates an anterior-posterior axis in the embry-
onic kidney. It has also been shown that overexpression of
BMP-4 effects gene expression in the early metanephric
mesenchyme, specifically by down-regulation or loss of
WT-1 and Pax-2 in the posterior condensed mesenchyme
as well as a selective down-regulation of GDNF expres-
sion in the posterior nephrogenic mesenchyme [13].
In the present study we first assessed total nephron
number (an index of the efficiency of ureteric branching
and nephrogenesis) in the kidneys of mature wild-type
and BMP-4 heterozygous mice. Given that addition of
exogenous BMP-4 to metanephric organ culture retards
ureteric branching morphogenesis we asked whether re-
duced endogenous BMP-4 levels in vivo were associated
with an increase in ureteric branching and thereby to-
tal nephron number. Next, the effect of elevated BMP-4
concentrations on ureteric branching morphogenesis in
vitro was quantitatively assessed in order to confirm and
extend earlier reports of inhibited branching and asym-
metry. Finally, the branching pattern (length and distri-
butions) of the ureteric tree in metanephroi cultured in
the presence of exogenous BMP-4 was assessed.
METHODS
Animals
In vivo. Wild-type and heterozygous (+/−) mice were
obtained through matings of C57BL/6 with BMP-4+/−
mice. BMP-4+/− mice were obtained from Dr. Brigid
Hogan (Howard Hughes Medical Institute and Depart-
ment of Cell Biology, Vanderbilt University Medical
Center, Nashville, TN, USA). Generation of the BMP-4
heterozygous null mutant mice (BMP-4lacZneo) has been
previously described [14]. Mice were housed at Central
Animal Services, Monash University, Clayton. All exper-
iments involving animals was approved in advance by
an Animal Ethics Committee at Monash University and
were carried out in accordance with the Australian Code
of Practice for the Care and Use of Animals for Scientific
Purposes.’
At postnatal day 30 (PN30) BMP-4+/− and wild-type
female mice were killed by cervical dislocation and body
weights recorded. Tail tissue was removed for genotyp-
ing. Kidneys were then removed, cleaned of fat, blood
vessels, and decapsulated before being weighed. Left kid-
neys and one half of the right were immersion-fixed in
10% buffered formalin. Kidneys used for nephron num-
ber estimation were embedded in glycolmethacrylate. For
pathologic analysis kidneys were processed and embed-
ded in paraffin. Nephron number was only assessed in
BMP-4+/− mice with macroscopically normal kidneys.
Kidneys with abnormal macroscopic phenotypes have
previously been shown to have fewer nephrogenic com-
ponents in utero and were not analyzed [10].
Genotyping
Mice were genotyped using the polymerase chain re-
action (PCR) and the genotype was subsequently con-
firmed by an assay for b-galactosidase. The specific
primer sequences were as follows: primer 1 (5′-TCTGCT
TCAATCAGCGTGCC-3′) and primer 2 (5′-GCCGTC
TGAATTTGACCTGA-3′) (Sigma-Aldrich Pty. Ltd.,
Castle Hill, Australia). PCR amplification conditions
were 5 minutes at 94◦C; 35 cycles of 30 seconds at 94◦C,
30 seconds at 59◦C, and 60 seconds at 72◦C; followed by
7 minutes at 72◦C. Primer 1 and primer 2 detect the lacZ
insertion in the BMP-4+/−, generating a 453 bp fragment.
For b-galactosidase analysis, the half of the right kidney,
fixed in lacZ fix solution, was sliced into four to five sec-
tions and rinsed in a wash buffer containing sodium phos-
phate (pH 7.3), nonidet-P40, and 1 mol/L MgCl2. Kidney
slices were then placed in X-gal stain, covered in foil,
and left overnight at 37◦C before being stored in 4%
formaldehyde. The presence of b-galactosidase activity
indicating the lacZ reporter caused the kidney slices to
stain blue indicating BMP-4+/−, whereas wild-type kid-
neys did not stain due to absence of the lacZ reporter.
Stereology
Kidney volume. Left kidneys embedded in glycol-
methacrylate were exhaustively sectioned at 20 lm and
every 10th and 11th sections collected, the first being cho-
sen randomly in the interval of 1 to 10. Sections were
then stained with periodic acid-Schiff (PAS). Every 10th
glycolmethacrylate section was placed onto a microfiche
reader and viewed at a final magnification of ×24.25. A
2 × 2 cm grid was placed over the screen. Kidney volume
(Vkid) was estimated according to the Cavalieri Principle
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[15–17] using:
Vkid = Ps × a(p)microfiche × T × 1/f
where Ps is the total number of points overlaying all kid-
ney sections, a(p)microfiche is the area associated with each
grid point, T is section thickness, and 1/f is the inverse of
the sampling fraction.
Nephron number. The same section pairs were used to
estimate glomerular, and thereby nephron number, using
an unbiased stereologic method known as the physical
disector/fractionator combination [15, 18]. The section
pairs were viewed side by side using two microscopes
modified for projection. The microscope projecting the
10th section was fitted with a motorized stage (Autoscan
Systems Pty. Ltd., Melbourne, Australia) that allowed
fields to be sampled at predetermined intervals. The mi-
croscope projecting the 11th section was fitted with a
manual rotatable stage to enable section alignment with
the projection of the 10th section. A 2 × 2 cm grid in-
corporating an unbiased counting frame [16] was placed
over each field of view.
Grid points falling on kidney tissue (Pkid), glomeruli
(Pglom), and renal corpuscles (Pcorp) were counted.
Glomeruli sampled by the unbiased counting frame of
the 10th section that were not present in the correspond-
ing field of the 11th section were counted (Q−). Similarly,
those glomeruli sampled in the 11th section that were ab-
sent in the corresponding field of the 10th section were
also counted to double the efficiency. This process was
repeated for all complete pairs of sections.
Total nephron number in the kidney (Nglom,kid) was
estimated using:
Nglom,kid = 10 × (Ps/Pf) × [1/(2fa)] × Q−
where 10 is the inverse of the section sampling fraction,
Ps is the number of points overlying all kidney sections
(complete and incomplete), Pf is the number of points
overlying complete kidney sections, 1/2fa is the fraction
of the total section area used to count glomeruli, with fa
determined by:
[Pkid × a (p) of physical disector]/[Pf × a (p) of microfiche]
and Q− was the actual number of disappearing glomeruli
counted. Q− ranged from 94 to 259 and averaged approx-
imately 150.
Glomerular volume. Mean glomerular volume
(Vglom) was estimated using:
Vglom = [Vglom/Vkid]/[Nglom/Vkid]
where Vglom/Vkid is equivalent to Pglom/Pkid.
The combined volume of all glomeruli [Vglom(total)] in
the kidney was estimated using:
Vglom(total) = Vglom × Nglom,kid
Renal corpuscle volume. Mean renal corpuscle vol-
ume (Vcorp) was estimated using:
Vcorp = [Vcorp/Vkid]/[Nglom/Vkid]
where Vcorp/Vkid is equivalent to Pcorp/Pkid.
The combined volume of all renal corpuscles
[Vcorp(total)] in the kidney was estimated using:
Vcorp(total) = Vcorp × Nglom,kid
Histologic analysis
One half of each of three right kidneys from each geno-
type was processed for embedding in paraffin and sec-
tioned at 4 lm. Sections were stained with haematoxylin
and eosin, PAS, Masson’s trichrome or methenamine-
silver. One section per stain from each of the six kidneys
was examined by a specialist renal pathologist.
Metanephric organ cultures
Kidney explants were isolated from E12.5 Balb/c em-
bryos within a weight range of 0.060 to 0.075 g and placed
on 3.0 lm pore polycarbonate transfilter membranes
(Transwell, Corning Star Corporation, Cambridge, MA,
USA) in wells containing 350 lL of serum-free culture
medium at 37◦C and 5% CO2 for 48 hours. The cul-
ture medium consisted of Dulbecco’s modified Eagle’s
medium (DMEM):Ham’s F12 liquid medium (Trace Bio-
sciences, Castle Hill, NSW, Australia) supplemented with
5 lg/mL transferrin (Sigma-Aldrich Pty. Ltd., Castle Hill,
Australia), 12.9 lL/mL L-glutamine (Trace Biosciences),
penicillin (100 lg/mL), and streptomycin (100 U/mL).
Metanephroi were randomly assigned to one of three cul-
ture groups: media with 260 ng/mL of rhBMP-4 (R&D
Systems, Minneapolis, MN, USA), media with 0.003%
bovine serum albumin (BSA), or media alone. Previous
studies in our laboratory have shown maximal response
of rhBMP-4 at this concentration [12]. Similar effects are
observed at 130 ng/mL, a concentration similar to that
used by Raatikainen-Ahokas et al (2000) who showed
variable reductions in ureteric branching at concentra-
tions between 50 and 100 ng/mL. At the conclusion of
the culture period, metanephroi were fixed for examina-
tion with whole-mount immunofluorescence.
Kidneys for in vivo analysis of ureteric branching
were isolated from E11.5 Hoxb7/GFP transgenic em-
bryos and immediately mounted in fluorescent mounting
media (Dako Corp., Cambridge, MA, USA) for confo-
cal imaging. Hoxb7/GFP mice were obtained from Dr.
Frank Constantini (Department of Genetics and Devel-
opment, College of Physicians and Surgeons of Columbia
University, New York, NY, USA). Generation of the
Hoxb7/GFP mice has been previously described [19].
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Immunofluorescence staining
Calbindin-D28K is a calcium-binding protein expressed
in the ureteric epithelium of metanephroi. Since it is not
expressed in other cell populations of the metanephros,
calbindin immunostaining allows the ureteric duct to be
specifically visualized. Metanephroi to be immunostained
for calbindin were fixed whole in methanol at −20◦C
for a minimum of 15 minutes after 48 hours of culture.
Metanephroi were left on their inserts throughout the im-
munostaining and visualizing procedure. After fixation,
metanephroi were washed briefly in phosphate-buffered
saline (PBS) and then nonspecific binding was blocked
with 5% fetal calf serum (FCS) in PBS for 30 minutes
at 32◦C. This was followed by incubation with a pri-
mary antibody; monoclonal mouse anti-Calbindin-D28K
(Sigma-Aldrich) at a dilution of 1:200, at 37◦C for 2 hours.
Metanephroi were then washed in PBS before addition
of the secondary antibody; Alexa 488 goat antimouse IgG
(Molecular Probes, Eugene, OR, USA) at a dilution of
1:100, at 37◦C for 2 hours. Metanephroi were then washed
in PBS overnight prior to mounting in PBS/glycerol
mounting media (Sigma-Aldrich).
Confocal microscopy and three-dimensional
image analysis
The method of Fricout et al [20] was used to quan-
tify ureteric branching in cultured metanephroi in
three dimensions. In brief, whole-mount immunostained
metanephroi were optically sectioned with a 10× lens on a
Leica TCS NT confocal microscope. Sections were taken
at 5 lm to satisfy the requirements of Nyquest sampling.
Next, the optical sections were segmented and binarized.
For this, confocal images were first converted to “max-
imum” images using image analysis software, where for
each X, Y point in each frame, the point was kept if it was
at its maximum intensity in the Z direction. All points in-
ferior to this intensity in the same X, Y location for each
Z frame were discarded. Each image was then thresh-
olded and smoothed to produce a binary object so all
pixels greater than the selected gray-scale were turned
white and all pixels lower, turned black. An algorithm
was then used to construct a three-dimensional skeleton
of the tree from the binary images. In brief, the binary im-
ages were incorporated together to produce a single gray
level three-dimensional tree where the tree is gray and
background black. Minimal distance between the back-
ground and the center of each branch was determined
by the relationship between the X, Y, and Z axes and
marked by a white pixel. These central pixels were then
linked together by a path of minimum distance between
adjacent white pixels. This results in a central skeleton of
the whole tree. The skeleton units were then converted
from pixels to micrometers. This method provides ac-
curate measurements of individual branch lengths, and
hence total ureteric length, in three dimensions.
Data analysis
In vivo data were analyzed using a two-sample t test
while in vitro data were analyzed using either a one-way
analysis of variance (ANOVA) or a paired t test depend-
ing on the comparisons being made. Branch distribution
data were analyzed using a chi-squared test. A probabil-
ity of 0.05 or less was considered to indicate statistical
significance. Values are means + SD.
Further statistical analysis was performed on the to-
tal number of generations, the total number of branches,
the number of branches per generation, and the aver-
age branch length of each generation using the Fisher-
Sencor test and the Student t test. These comparisons
were carried out on the entire tree and both the anterior
and posterior regions independently. Again a probabil-
ity of 0.05 or less was considered to indicate statistical
significance.
In addition we compared the parameters of the in vitro
data with a kidney growth model [21, 22]. This model
accounts for the distribution of branch lengths according
to the Weibull distribution law:
F(l) = 1 − e(a·l∧ b)
where F(l) is the number of branches with a length less
than l; and a and b are the parameters that we searched to
fit this law on the data. These comparisons were also car-
ried out on the entire tree, and the anterior and posterior
regions independently.
RESULTS
Renal abnormalities in BMP-4+/− mice
Of the 26 female BMP-4+/− mice obtained from mat-
ings, only four exhibited macroscopic abnormalities in
the urinary tract at PN30. The size of the right kidney in
three of these four mice was visibly reduced. The fourth
mouse showed complete absence of the left kidney and a
severely distended bladder that was positioned where the
left kidney would normally be found. Kidneys from these
mice were excluded from the study. The kidneys of the
remaining 22 BMP-4+/− mice appeared macroscopically
normal. No gross urinary tract abnormalities were seen
in any of the wild-type littermates.
Histopathologic examination of macroscopically nor-
mal kidneys from the BMP-4+/− mice revealed no pathol-
ogy and the kidneys of the wild-type littermates were also
normal.
Stereologic data
Body and kidney weights for wild-type and BMP-4+/−
mice at PN30 were not significantly different (Table 1).
Nephron number in wild-type mice was 13425 ± 1889 and
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Table 1. Body weight, kidney weight, kidney volume, and total
glomerular number and volume in female wild-type and BMP-4/lacZ
heterozygous mice at postnatal day 30
Wild-type Heterozygous
(N = 7) (N = 7)
Body weight g 17.60 ± 2.69 15.08 ± 2.21
Kidney weight g 0.110 ± 0.024 0.088 ± 0.020
Kidney volume mm3 101.23 ± 18.86 85.55 ± 16.71
Total glomerular number 13425 ± 1889 12022 ± 1476
Glomerular volume ×10−4 mm3 1.708 ± 0.141 1.711 ± 0.197
Total glomerular volume mm3 2.300 ± 0.407 2.053 ± 0.340
Renal corpuscle volume ×10−4 mm3 1.944 ± 0.181 1.892 ± 0.218
Total corpuscle volume mm3 2.614 ± 0.449 2.268 ± 0.351
No significant differences (P > 0.05) were observed between wild-type and
heterozygous mice.
in the BMP-4+/− mice, it was 12022±1476. The difference
was not statistically different. Similarly, no differences in
mean glomerular or mean renal corpuscle volumes were
found between the two groups of mice (Table 1). Kidney
volume in wild-type mice was 18% greater than that in the
BMP-4+/− mice, but this difference was not statistically
significant.
Qualitative observations of ureteric tree growth in vitro
Metanephroi cultured in the presence of 260 ng/mL
rhBMP-4, when observed with phase-contrast mi-
croscopy, appeared very different to metanephroi cul-
tured in control media or BSA control media in both
size and morphology (Fig. 1A to D). Metanephroi cul-
tured in the presence of BMP-4 were smaller and ex-
hibited much less structural differentiation than control
cultures. Metanephroi cultured in BMP-4 also appeared
to be asymmetric, with more growth on one side of the
ureter than the other (Fig. 1D). By phase contrast mi-
croscopy, metanephroi cultured under control conditions
appeared symmetric.
These findings were confirmed by whole-mount im-
munostaining of the ureteric tree. A clear reduction in
ureteric branching morphogenesis was seen in the BMP-
4 cultures (Fig. 1E and F). It was also clear that branching
morphogenesis was reduced more severely in the poste-
rior region of the kidney than the anterior, resulting in a
marked asymmetry (Fig. 1F). In contrast, ureteric growth
in control cultures appeared to be similar in both the ante-
rior and posterior kidney, producing an apparently typ-
ical symmetrical kidney pattern (Fig. 1E). The reduced
branching morphogenesis and asymmetric patterning in
the BMP-4 cultures was more severe in kidneys cultured
from an earlier time point (Fig. 2). However, this asym-
metric phenotype was observed in all kidneys cultured in
the presence of exogenous BMP-4.
Quantitative analysis of ureteric tree growth
Total ureteric length in metanephroi cultured in the
presence of 260 ng/mL rhBMP-4 for 48 hours was ap-
proximately 40% less (3719 ± 1072 lm) (N = 10) than in
metanephroi cultured in control media (6467 ± 1450 lm)
(N = 10) or BSA control media (6304 ± 1210 lm)
(N = 10) (P < 0.001 in both cases) (Fig. 3A). Simi-
larly, metanephroi cultured in the presence of BMP-4
had approximately 45% fewer branches (38 ± 12) than
metanephroi cultured in control media (69 ± 17) or
BSA control media (70 ± 19) (P < 0.001 in both cases)
(Fig. 3B). Average branch length in metanephroi cul-
tured in the presence of BMP-4 was similar to that in
metanephroi cultured in control media and BSA control
media (data not shown). No difference was detected be-
tween left and right kidneys in any of the parameters
measured in either of the groups.
The number of branch generations in metanephroi cul-
tured in the presence of BMP-4 (8.7 ± 2.9) was similar
to that in metanephroi cultured in control media (10.1 ±
2.1) and BSA control media (10.7 ± 1.3) (Table 2). The
number of branches per generation in metanephroi cul-
tured in the presence of BMP-4 was significantly reduced
in the fourth, fifth, and seventh generations compared
with metanephroi cultured in control media (Table 3).
Despite this, average branch length for each generation
was similar (Table 4).
Branch length distribution in metanephroi cultured in
the presence of BMP-4 was not significantly different to
that in metanephroi cultured in control media or BSA
control media (Fig. 4A). Most branches (approximately
35%) were between 50 and 99 lm long, irrespective of
their generation. Approximately 90% of branches were
less than 200 lm, approximately 5% were between 200
and 249 lm and the remaining 5% were 250 lm or longer.
In contrast to the normalized branch length distribu-
tion, distributions of the absolute numbers of branches
of specific lengths in kidneys cultured under the three
conditions appeared different, although chi-squared
analysis revealed no significant difference between the
BMP-4 and control groups (P = 0.13) (Fig. 4B). The
contributions of branches of specified lengths to to-
tal tree length, irrespective of their generation, were
also similar between groups. Those branches contribut-
ing the most (approximately 75%) to total tree length
were 50 to 149 lm in length (Fig. 4C). Approximately
90% of total tree length was contributed by branches
less than 250 lm, while only 10% of total ureteric
length was contributed by branches 250 lm and longer.
Further to this, comparisons of the branch length dis-
tributions of metanephroi cultured in the presence of
BMP-4, in control media or BSA control media cor-
related closely with a previously reported metanephric
growth model [21, 22]. This close correlation persisted
when the anterior and posterior regions from each
group were individually compared with the growth
model, even in metanephroi cultured in the presence of
BMP-4.
Cain et al: BMP-4 and asymmetry of the developing metanephros 425
Fig. 1. Effects of recombinant human bone
morphogenetic protein 4 (rhBMP-4) on
mouse metanephroi in culture. Phase-contrast
photomicrographs of whole kidneys at the
commencement of culture in either control
media (A) or media supplemented with 260
ng/mL rhBMP-4 (B). The same metanephroi
after 48 hours culture in control media (C) or
media supplemented with 260 ng/mL rhBMP-
4 (D). The kidney cultured with exoge-
nous BMP-4 is smaller and contains fewer
branches. Calbindin-D28K immunostaining
shows typical metanephric ureteric branch-
ing and patterning (E). In the metanephros
cultured with rhBMP-4, ureteric branching is
severely reduced, predominantly in the pos-
terior region (F) (same orientation, bar =
500 lm). Abbreviations are: a, anterior; p, pos-
terior.
a
p
Fig. 2. Effects of recombinant human bone
morephogenetic protein (rhBMP-4) on renal
symmetry in vitro. Whole metanephroi from
embryos of different weights (A to C), from
smallest to largest weight embryo, cultured for
48 hours in 260 ng/mL rhBMP-4. Calbindin-
D28K immunostaining reveals a marked asym-
metry involving a severe reduction of ureteric
branching morphogenesis in the posterior re-
gion (same orientation, bar = 250 lm). Ab-
breviations are: a, anterior; p, posterior.
As mentioned above, branching morphogenesis was
more severely reduced in the posterior region of kidneys
cultured in the presence of exogenous BMP-4, producing
a marked asymmetry. Quantitative analysis confirmed
this observation. Total ureteric length in the posterior
region of metanephroi cultured in the presence of BMP-
4 for 48 hours was approximately 60% less (1025 ±
379 lm) than in the anterior region (2687 ± 883 lm)
(P < 0.001) (Fig. 5A). Similarly, the posterior region of
metanephroi cultured in BMP-4 had approximately 65%
fewer branches (10 ± 5) than the anterior region (28 ±
10) (P < 0.001) (Fig. 5B). Despite these major differences
in total ureteric length and branch number between the
anterior and posterior kidney in the presence of BMP-4,
average branch length in anterior and posterior regions
was similar. The number of branch generations in the
posterior regions of metanephroi cultured in BMP-4 was
approximately half (4.2 ± 1.3) that in the anterior region
(7.7 ± 2.9) (P < 0.01).
Qualitative microscopy suggested that ureteric tree
growth in metanephroi cultured under control conditions
was symmetric. However, three-dimensional quantitative
analysis revealed that total ureteric length in the poste-
rior region of metanephroi cultured in control media and
BSA control media was approximately 40% less (2511 ±
888 lm and 2464 ± 798 lm, respectively) than the ante-
rior region (3989 ± 1097 lm and 3853 ± 665 lm, respec-
tively) (P < 0.01 and P < 0.001, respectively) (Fig. 6A).
Similarly, the posterior region of metanephroi cultured
in control media and BSA control media contained ap-
proximately 30% fewer branches (28 ± 11 and 29 ± 14,
respectively) than did the anterior region (42 ± 13 and
41 ± 8, respectively) (P < 0.05) (Fig. 6B). It is important
to realize that this asymmetry was not observed by quali-
tative microscopy and that it required three-dimensional
computer analysis of the ureteric trees in order to be de-
tected. This makes the measured degree of difference be-
tween anterior and posterior regions of the kidney in nor-
mal kidneys even more surprising. Average branch length
was similar in the anterior and posterior regions of kid-
neys cultured under control conditions. The number of
generations in the posterior regions of the metanephroi
cultured in control media and BSA control media was
also significantly less (6.1 ± 1.7 and 6.7 ± 1.6, respec-
tively) than the anterior region (9.0 ± 2.2 and 9.7 ± 1.3,
respectively) (P < 0.01 and P < 0.001, respectively).
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Fig. 3. Three-dimensional image analysis of 48-hour cultured kidneys
in either control media (CON), bovine serum albumin (BSA) control, or
260 ng/mL recombinant human bone morphogenetic protein 4 (rhBMP-
4) (N = 10/group). (A) Total ureteric length in metanephroi cultured in
rhBMP-4 is approximately 40% less than in those cultured in control
or BSA control media. (B) Similarly, the number of ureteric branches
in metanephroi cultured in rhBMP-4 is approximately 45% less than in
the control and BSA control media cultures. ∗P < 0.001 compared to
both other groups.
Total ureteric length in the anterior region of
metanephroi cultured in the presence of BMP-4 was ap-
proximately 30% less (2687 ± 883 lm) than in the an-
terior region of metanephroi cultured in control media
(3989 ± 1097 lm) (P < 0.01) or BSA control media
(3853 ± 665 lm) (P < 0.05). Similarly, the anterior region
of metanephroi cultured in the presence of BMP-4 had
approximately 35% fewer branches (28 ± 10) than the
anterior region of metanephroi cultured in control me-
dia (42 ± 13) and BSA control media (41 ± 8) (P < 0.05
for both). Average branch length in the anterior region of
metanephroi culture in the presence of BMP-4 was simi-
lar to that in metanephroi cultured in control media and
BSA control media. The number of generations in the
anterior region of metanephroi cultured in the presence
of BMP-4 (7.7 ± 2.9) was similar to that of metanephroi
cultured in control media (9.0 ± 2.2) and BSA control
media (9.7 ± 1.3). The number of branches in each gen-
eration of the anterior region was similar between groups,
as was average branch length for each generation in the
anterior region.
Interestingly, differences in ureteric branching mor-
phogenesis in the posterior region between groups were
much more pronounced. Total ureteric length in the pos-
terior region of metanephroi cultured in the presence of
BMP-4 was approximately 60% less (1025 ± 379 lm) than
Table 2. Generational data from whole metanephroi cultured in the
presence of bone morphogenetic protein 4 (BMP-4), control media,
or bovine serum albumin (BSA) control media for 48 hours: Number
of generations is similar in the three groups.
Kidney BMP-4 Control BSA
1 7 8 12
2 9 9 12
3 7 10 12
4 10 11 11
5 14 6 10
6 9 10 10
7 6 12 9
8 6 13 9
9 6 10 10
10 13 12 12
Mean 8.7 ± 2.9 10.1 ± 2.1 10.7 ± 1.3
Table 3. Generational data from whole metanephroi cultured in the
presence of bone morphogenetic protein 4 (BMP-4), control media,
or bovine serum albumin (BSA) control media for 48 hours: Number
of branches per generation in metanephroi cultured in the presence of
BMP-4 is significantly less in the fourth, fifth, and seventh generations
compared to metanephroi cultured in control media
Generation BMP-4 Control Result
1 1 1 NS
2 2 2 NS
3 4 5 NS
4 6 9 a
5 8 11 a
6 8 11 —
7 5 11 a
8 2 9 —
9 1 5 —
10 1 4 —
11 1 1 NS
12 1 1 NS
13 1 0 —
Bold lines indicate the average number of branch generations in metanephroi
cultured in the presence of BMP-4. Data below these lines should not be
considered. NS is no significant different; — is the samples contain too few
elements to conclude.
aSamples are significantly different.
in the posterior region of metanephroi cultured in control
media (2511 ± 888 lm) and BSA control media (2464 ±
798 lm) (P < 0.001 for both). Similarly, the posterior re-
gion of the metanephroi cultured in the presence of BMP-
4 had approximately 65% fewer branches (10 ± 5) than
metanephroi cultured in control media (28 ± 11) (P <
0.01) and BSA control media (29 ± 14) (P < 0.001). Sur-
prisingly, average branch length in the posterior region of
metanephroi cultured in the presence of BMP-4 was ap-
proximately 25% longer (113 ± 29 lm) than metanephroi
cultured in control media (93 ± 10 lm) (not significantly
different) and BSA control media (89 ± 9 lm) (P < 0.05).
The number of generations in the posterior region of
metanephroi cultured in BMP-4 was approximately 35%
less (4.2 ± 1.4) than in metanephroi cultured in control
media (6.1 ± 1.7) (P < 0.05) and BSA control media
(6.7 ± 1.6) (P < 0.01). The number of branches per gen-
eration in the posterior region was significantly less in the
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Table 4. Generational data from whole metanephroi cultured in the
presence of bone morphogenetic protein 4 (BMP-4), control media,
or bovine serum albumin (BSA) control media for 48 hours: Average
branch length per generation is similar in the three groups
Generation BMP-4 lm Control lm Result
2 135.5 139.9 NS
3 133.3 119.9 NS
4 108.1 111.0 NS
5 97.5 86.9 NS
6 91.2 99.2 NS
7 68.2 80.5 NS
8 86.6 77.7 NS
9 82.1 88.2 —
10 66.1 75.6 —
11 91.3 75.2 NS
12 107.8 93.9 NS
13 50.0 80.2 NS
Bold lines indicate the average number of branch generations in metanephroi
cultured in the presence of BMP-4. Data below these lines should not be
considered. NS is no significant difference; — is the samples contain too few
elements to conclude.
third and fourth generations. Despite this, no difference
was found in average branch length in each generation.
To determine whether branching asymmetry in con-
trol cultured metanephroi was real or an in vitro arti-
fact we examined ureteric branching morphogenesis in
vivo. Utilising the Hoxb7/GFP transgenic mouse in which
the ureteric epithelium of the metanephros expresses
green fluorescent protein (GFP), ureteric branching mor-
phogenesis could be examined without culture or im-
munostaining. In vivo metanephroi obtained from E11.5
Hoxb7/GFP embryos showed only a single branching
event consisting of only an anterior and posterior branch
(Fig. 7A). In all cases these metanephroi appeared by
eye to be asymmetric with the posterior branch appear-
ing to be considerably shorter than the anterior. Quan-
titative analysis confirmed the qualitative observations
showing that the total length of the posterior branch
is approximately 50% shorter (137 ± 26 lm) than the
anterior branch (253 ± 37 lm) (P < 0.001) (Fig. 7B).
This suggests that ureteric branching morphogenesis is
asymmetric from the first branching event of metanephric
development.
DISCUSSION
The principal findings from this study are (1) nephron
number is not altered in phenotypically normal BMP-
4+/− mice; (2) exogenous BMP-4 alters ureteric growth
but does not effect branch length distribution; (3) wild-
type metanephroi grow asymmetrically in vitro; and (4)
aymmetric ureteric branching is evident in vivo as early
as the first branching event at E11.5. These results are
discussed in turn below.
Renal abnormalities in BMP-4+/− mice
In qualitative terms, the macroscopic abnormalities
observed in four of the 26 BMP-4+/− mice were consis-
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Fig. 4. Three-dimensional image analysis of kidneys cultured for 48
hours in either control media (CON), bovine serum albumin (BSA)
control, or 260 ng/mL recombinant human bone morphogenetic protein
4 (rhBMP-4) (N = 10/group). (A) Distributions of branch lengths are
similar between the groups with most branches 50 to 99 lm in length. (B)
The total number of branches less than 200 lm long is markedly reduced
in metanephroi cultured in the presence of BMP-4. (C) Contribution of
specific branch lengths to total length of the ureteric tree is also similar
between the three groups. These results suggest that the reduction in
branching morphogenesis is the result of a slowing of the growth rate of
the ureteric tree rather than the adoption of an alternative branching
pattern.
tent with those reported by Miyazaki et al [10]. How-
ever, in quantitative terms, there is a large difference
between the findings. Miyazaki et al [10] observed ab-
normalities that mimic human congenital anomalies of
the kidney and urinary tract (CAKUT) in approximately
53% of the BMP-4+/− mice. The reason that only a
small percentage of BMP-4+/− mice in the present study
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Fig. 5. Three-dimensional image analysis of metanephroi cultured for
48 hours in the presence of 260 ng/mL recombinant human bone mor-
phogenetic protein 4 (rhBMP-4). (A) Total ureteric length in the pos-
terior region of metanephroi cultured in rhBMP-4 was approximately
60% less than in the anterior region. (B) Similarly, the posterior region
of metanephroi cultured with rhBMP-4 contained approximately 65%
fewer branches than did the anterior region. ∗P < 0.001.
(15%) showed a macroscopic urinary tract abnormality
is most likely due to the gender of the animals studied.
In the present study, female mice were analyzed while
Miyazaki et al [10] mostly studied male mice. It is known
that in humans CAKUT is much more predominant in
males. Miyazaki et al [10] categorised the CAKUT into
hypo/dysplastic kidneys, ureterovesical junction-type hy-
dronephrosis (UVJ), and bifid ureters. They also ob-
served that the majority of CAKUT abnormalities were
present on the right side and that by far the most common
category of CAKUT was hypo/dysplastic kidneys. These
findings coincide with the present results, in which three
of the mice presented with visibly smaller right kidneys in
comparison to the left indicating hypo/dysplastic kidneys.
The fourth mouse showed a complete absence of the left
kidney and severely distended bladder, which indicates
hypo/dysplastic kidneys. The distended bladder may be
explained by a possible urethral obstruction.
The reason only some BMP-4+/− mice present with
CAKUT is unknown but may be due to BMP-4 gene
dosage. All these mice have reduced levels of endoge-
nous BMP-4 but they do not necessarily have exactly half
the amount. Therefore, presumably there is a fine line
between having enough BMP-4 for normal kidney de-
velopment or not. If this were the case, those mice with
BMP-4 levels above this threshold would have sufficient
amounts to facilitate normal kidney development while
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Fig. 6. Three-dimensional image analysis of metanephroi cultured for
48 hours in control media. (A) Total ureteric length in the posterior re-
gion of metanephroi cultured in control media was approximately 40%
less than in the anterior region. ∗P < 0.01. (B) Similarly, the posterior
region of metanephroi cultured in control media contained approxi-
mately 30% fewer branches than did the anterior region. ∗P < 0.05.
those mice with levels below this threshold would de-
velop CAKUT. Dunn et al [9] has described variability in
the severity and predominance of phenotypes in BMP-
4+/− mice. Interestingly, the severity and predominance
of phenotypes is increased on the C57BL/6 genetic back-
ground. Dunn et al [9] suggest that this is due to strain
dependent differences in the activity of certain genes, in-
cluding those for BMP extracellular antagonists, BMP re-
ceptors, or downstream effectors and other BMP family
members with overlapping functions. Any of these effects
are likely to influence local active BMP-4 protein levels
during vital stages of the development of various organs,
perhaps even among individual embryos.
The normal expression of BMP-4 in the developing kid-
ney is mainly in the mesenchyme surrounding the Wolf-
fian duct, ureteric bud, and ureteric ducts and it is believed
that this expression pattern enables BMP-4 to specify the
site of ureteric budding and branching. BMP-4 achieves
this by inhibition of GDNF signaling which is known to
induce ureteric bud formation and branching [10, 13]. Re-
duced levels of BMP-4 are likely to result in ectopic bud-
ding from the Wolffian duct and branching of the ureter
because the inhibitory effect on GDNF signaling is re-
duced [10, 11]. The “ureteral bud theory” postulates that
if the initial ureteric bud site is ectopic then so too will be
the final position of the ureteral orifice [22]. Therefore,
more caudal or cranial budding from the duct can lead to
a defective ureterovesical valve and urinary outflow ob-
struction, respectively, as well as the possible projection
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Fig. 7. Analysis of in vivo ureteric branch-
ing morphogenesis of E11.5 Hoxb7/GFP em-
bryos. (A) In vivo kidneys at embryonic day
(E) E11.5 showing a single branching event
consisting of an anterior and shorter posterior
branch. (B) The posterior branch is approxi-
mately 50% shorter than the anterior branch
(bar = 100 lm). Abbreviations are: a, ante-
rior; p, posterior. ∗P < 0.001 (N = 6).
of the bud into poorly differentiated metanephric mes-
enchyme leading to hypodysplastic kidneys [11, 23, 24].
This suggests that in BMP-4+/− mice with insufficient lev-
els of BMP-4, ectopic budding from the Wolffian duct
occurs, resulting in the various phenotypes observed.
Stereologic analysis
No significant differences were observed in body
weight, kidney weight, total nephron number, mean
glomerular volume, or mean renal corpuscle volume be-
tween the wild-type and BMP-4+/− mice at PN30. This
quantitative morphologic data agree with the qualita-
tive histology. It was hypothesized that because BMP-
4 has an inhibitory effect on branching morphogenesis
in the developing kidney in vitro [13], that reduced en-
dogenous BMP-4 levels may serve to amplify branching
morphogenesis and thereby increase nephron number in
the macroscopically normal kidneys. Here, the number of
nephrons present in the mature kidney can be considered
an index of the efficiency of renal development. Our find-
ings suggest that in the macroscopically normal kidneys
of BMP-4+/−mice there is sufficient BMP-4 protein to en-
sure the correct site of budding from the Wolffian duct,
subsequent ureteric bud invasion into the mesenchyme,
and efficient branching morphogenesis.
Ureteric tree growth
The inhibitory effects of BMP-4 on metanephric de-
velopment in vitro have been previously reported [13].
We subsequently reported [12] that mouse kidneys cul-
tured for 48 hours in the presence of 260 ng/mL rhBMP-
4 exhibited less branching morphogenesis than kidneys
cultured in control media. These findings were quan-
titatively confirmed in the present study where an ap-
proximate 40% reduction in total ureteric tree length
and an approximate 45% reduction in branch number in
BMP-4-treated kidneys was observed. This indicates that
addition of exogenous BMP-4 to metanephric organ cul-
ture results in a reduction in branching morphogenesis.
However, reports that addition of BMP-4 to metanephric
organ culture causes elongation of ureteric branches was
not supported in this study. Although ureteric branches in
BMP-4-treated cultures were slightly longer than control
branches, this difference was not statistically significant.
Similarly, while the branch length and branch number
distributions were slightly different, these too were not
significantly different from control cultures.
Additionally, the generational data provide some very
important information on the specific roles that BMP-
4 may have during kidney development. The number of
generations in the entire ureteric tree of metanephroi cul-
tured in the presence of BMP-4 was similar to that of con-
trol metanephroi. However, this similarity remains in the
anterior region alone, while the number of generations in
the posterior region is significantly reduced in the BMP-4
cultures. Interestingly, the number of branches per gen-
eration of the entire tree of BMP-4-treated kidneys is
significantly lower in the fourth, fifth, and seventh gener-
ations, which is the direct result of a significantly lower
number of branches in the corresponding generations of
the posterior region alone. This again demonstrates the
severity of the effects of exogenous BMP-4 in the poste-
rior region.
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Surprisingly, ureteric branching morphogenesis in
metanephroi cultured in the presence of BMP-4 followed
a similar model of growth to metanephroi cultured under
control conditions. This model primarily utilizes branch
length distributions. Even ureteric branching morpho-
genesis in the posterior region of BMP-4-cultured kid-
neys correlated extremely well with the growth model.
Taken together, these results indicate that, although
metanephroi cultured in the presence of BMP-4 exhibit
a very unique phenotype, the actual model of growth re-
mains consistent with that of control kidneys. This sug-
gests that BMP-4 slows or perhaps even halts (in the
posterior kidney) ureteric growth but does not funda-
mentally alter the pattern of growth. Using Hoxb7/GFP
transgenic mice [19] in conjunction with our three-
dimensional image analysis method, we are further ad-
dressing this by analyzing growth rates, branch induction
rates, and elongation rates by imaging the same kidney in
vitro on multiple occasions over a defined period. For the
first time, our present results propose a role for BMP-
4 as a regulator of ureteric growth rate. This suggests
that BMP-4 expressed in the mesenchyme directly sur-
rounding the ureteric bud and ducts [7] may act to inhibit
ectopic budding along the ureteric duct and therefore re-
strict branching morphogenesis to the tips while at the
same time influencing the rate of duct growth to ensure
sufficient distance between consecutive branching events.
Interestingly, it was observed that the ureteric branch-
ing phenotype produced through culture in the presence
of exogenous BMP-4 was much more severe in the pos-
terior region of the kidney than the anterior region of the
kidney. This finding confirms the report of Raatikainen-
Ahokas et al [13] who found the effects of BMP-4 in vitro
to be most predominant in the posterior kidney and pos-
tulated that BMP-4 regulates an anterior-posterior axis
in the embryonic kidney. BMP-4 has been shown to have
an inhibitory effect on WT-1, Pax-2 and GDNF, specifi-
cally in the posterior region of the kidney, which offers
some explanation of the phenotype observed, given the
importance of these three molecules in mesenchyme sur-
vival, mesenchyme-epithelial transformation and induc-
tion of ureteric branching [13]. Raatikainen-Ahokas et al
[13] suggested this asymmetric effect is due to differen-
tiation of the mesenchyme along the anterior/posterior
body axis and because the anterior half of the kidney
appears to be slightly more advanced then it may have
passed a stage sensitive to BMP-4 whereas the posterior
region has not. Supporting this is the observation that the
severity of the BMP-4 asymmetric phenotype was most
predominant in kidneys taken from younger embryos. It
is likely that the hypersensitivity of the posterior kidney,
especially in the earlier stages of development, to BMP-4
may be attributed to the insufficient production of extra-
cellular BMP antagonists during early development. In
any event, the role of BMP-4 in axis determination and
patterning of organs during development has been well
documented. Previous studies have shown BMP-4 to play
an important role in axis determination in the developing
Xenopus and chick embryo [25, 26], Zebrafish and Xeno-
pus heart [27, 28] and the mouse tooth [29]. Similarly,
the Drosophila homologue of BMP-4, Dpp, is involved
in dorsal/ventral patterning of the Drosophila embryo
[30]. Likewise, BMP-4 is known to determine the prox-
imal/distal differentiation of endoderm in the lung, an
organ that parallels the development of the kidney [31].
These findings strongly suggest that BMP-4 may indeed
regulate kidney patterning. Regulation of the dorsoven-
tral axis of the developing kidney has been reported in
the Hoxa11/Hoxd11 mutant mice that exhibit reduced
ureteric branching morphogenesis in the mid-ventral re-
gion of the kidney [32].
Interestingly, ureteric branching asymmetry was also
observed in wild-type kidneys grown in control media.
To the best of our knowledge, this is a novel finding. This
asymmetry was quite marked and like the BMP-4-treated
metanephroi, the posterior region of control kidneys had
undergone significantly less ureteric growth than the an-
terior region. Until recently it was thought that the kid-
ney was a reasonably symmetric organ but these results
indicate significantly greater branching morphogenesis in
the anterior kidney. Importantly, the model of growth for
both the anterior and posterior regions of the kidney is
similar, suggesting that the rate of growth may be slower
in the posterior region. It is important to note that qual-
itatively the control kidneys appeared to be symmetric,
however, this marked asymmetry was easily detected by
our three-dimensional measuring technique. Our subse-
quent finding that E11.5 in vivo kidneys are also asym-
metric indicates that this pattern exists from the very first
branching event of kidney development. In support of
this a similar result has recently been described in E10.75
and E11.5 mouse kidneys after 3 hours of culture [33].
While 3 hours of culture is not likely to significantly in-
fluence ureteric branching morphogenesis, it does result
in a flattening of the kidney and thereby alteration of
its dimensions. Therefore, our finding is the first to show
asymmetry in “in vivo” kidneys. These results also suggest
that the natural growth rate of the kidney is not uniform
throughout, resulting in a developmental “delay” in the
posterior region.
CONCLUSION
Results from the present study indicate that reduced
levels of endogenous BMP-4 in macroscopically normal
kidneys of BMP-4+/− mice has no effect on kidney de-
velopment including total nephron endowment. It is also
clear that increased levels of exogenous BMP-4 in vitro
reduce branching morphogenesis, possibly by slowing the
growth rate of the ureteric tree. Finally, BMP-4 appears
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to regulate the anterior/posterior axis of the developing
kidney, and culture in the presence of exogenous BMP-4
amplifies the already existing asymmetry of the normal
mouse kidney.
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